Methods have been developed in this laboratory for the preparation of long ribopolynucleotides containing known repeating di-and trinucleotide sequences1' 2 and their use as messengers in the cell-free amino acid-incorporating system has permitted further studies of the amino acid code.3' 4 Thus, the ribopolynucleotide containing repeating ApApGp sequence directs the synthesis of the homopolypeptides of lysine, glutamic acid, and arginine;3 and the ribopolynucleotides, poly UC, poly UG, poly AC, and poly AG, containing in every case the two nucleotides in alternating sequence, direct the synthesis, respectively, of the copolypeptides of serine and leucine, of valine and cysteine, of threonine and histidine, and of arginine and glutamic acid.4' 5 These results have provided definitive answers to some of the basic characteristics of the amino acid code and have given information on the codon sequences for the amino acids involved in the polypeptide synthesis such that the assignment can be restricted to either two or three alternatives. For further work on the codon assignments for different amino acids, we have used the elegant technique of Nirenberg and Leder6 in which the effect of ribotrinucleotides on the binding of specific aminoacyl-sRNA's to ribosomes is measured. From a combination of this technique and of the results of specific polypeptide synthesis, VOL. 54, 1965 BIOCHEMISTRY: SOLL ET sRNA was prepared from Escherichia coli B by the method of Zubay.14 Ribosomes and the crude mixture of aminoacyl-sRNA synthetases were prepared as described previously.3 Radioactive-labeled aminoacyl-sRNA's were prepared either from the total E. coli sRNA or from purified fractions by the method of Nishimura et al.' with only one labeled amino acid, using 4-22 m/umoles of amino acid/mg of total sRNA.
Fractionation of sRNA: For the preparation of labeled aminoacyl-sRNA's corresponding to the following amino acids, the unfractionated E. coli sRNA was used: ala, cys, ileu, leu, lys, phe, pro, ser, thr, tyr, and val. The preparation of the aminoacyl-sRNA's corresponding to the amino acids described below and additional preparations of aminoacyl-sRNA's corresponding to leu and ileu, lys and ser were made using fractionated sRNA. Fractionation of E. coli sRNA was performed by the technique of countercurrent distribution and the pattern of distribution of optical density as well as the location of acceptor activity peaks for aspartic acid, arginine, glutamic acid, and lysine have been described previously.3 The general order of location of the acceptor activities for the above amino acids and for the following amino acids in that distribution3 was similar to that of Goldstein, Bennett, and Craig.'5 Asparagine acceptor activity was present in fractions 58-100, and material in fraction 78, the middle of the peak, was taken. Cysteine acceptor activity was present as a sharp peak in fractions 112-124 and fraction 118 was used. Glycine acceptor activity appeared as a single peak in fractions 52-88, and fraction 76 was used. Histidine acceptor activity was present in fractions 58-100, and fraction 88 was taken. Isoleucine acceptor activity gave three peaks, all being present in fractions 40-124. The three fractions (64, 88, and 118) selected are represented here as peaks I, II, and III, respectively. Leucine acceptor activity gave three peaks."6 Peak I, the major peak, was in fractions 100-124, and fraction 114 was taken. Peak III was present in fractions 174-190. These were combined for redistribution by the method of Apgar et al."7 In the present work, peak III is designated as that material which was insoluble in the redistribution solvent system. Peak IV is designated as that material which on redistribution of the soluble portion of peak III formed the major slowermoving peak. Methionine acceptor activity gave two peaks; the first, the major one, was present in fractions 64-94. Fraction 76 was taken.'8 Serine acceptor activity gave two peaks, again in agreement with the results of Goldstein et al. '5 Peak I was present in fractions 52-94, and fraction 76 was used. Peak II was in fractions 106-136, and fraction 118 was used. Tryptophane gave one peak and it was present in fractions 112-130, fraction 124 being used. Results and Discussion.-Codon assignments from relatively specific stimulation of aminoacyl-sRNA binding: The data reported previously on amino acid incorporation using randomly linked ribopolynucleotides9' 20 and those obtained more recently on the synthesis of copolypeptides containing two amino acids in alternating sequence" 4 5 served as a guide to the selection of trinucleotides for testing the stimulation of the different aminoacyl-sRNA's to ribosomes. The results now obtained on the stimulation of the binding to ribosomes of the aminoacyl-sRNA's corresponding to the 20 amino acids are listed in Table 1 . Shown in this table are groups of trinucleotides, which gave detectable (20% or more above the background) stimulation, and of those trinucleotides which were tested but gave no stimulation of the binding of a particular aminoacyl-sRNA. As is seen from the table, different trinucleotides varied greatly in their template activity. Many trinucleotides caused substantial and relatively specific stimulation of the binding of only one aminoacyl-sRNA to ribosomes and in these cases codon assignments can be made with considerable certainty. Many of the assignments included in Table 2 were thus made from the results of binding studies alone. Table 1 also shows further that, often, an additional number of trinucleotides caused relatively weak stimulation of the binding of an aminoacyl-sRNA. Thus, for example, in addition to the four trinucleotides, GCC, GCG, GCA, and GCU, which are concluded to be the codons for alanine (Table 2) , the trinucleotide, AGC, also stimulated the binding of ala-sRNA to ribosomes. Similar examples of this kind are abundant for many of the other aminoacyl-sRNA's. These are omitted from consideration as codons, because, most often, each one of these trinucleotides stimulated more significantly the binding of a different aminoacyl-sRNA.
Ambiguity and lack of specificity in the stimulation of aminoacyl-sRNA binding by trinucleotides: In addition to the type of situation discussed above, there were cases where one trinucleotide stimulated significantly the binding of more than one aminoacyl-sRNA and the results were difficult to reconcile with the evidence obtained by independent approaches. In some cases the ambiguity observed in binding experiments at 250 in 0.02 M Mg++ ion concentration could be overcome by using 370 and 0.01 M Mg++ ion concentration (cf. ref. 3). For example, under the standard conditions of Table 1 , GCG, an alanine codon, and CCG, a proline codon, both stimulated the binding of arg-sRNA and their template activity was higher than that of CGG for this aminoacyl-sRNA. However, at 37°and 0.01 M 1I\g++ ion concentration, the stimulation of arg-sRNA binding by GCG and by CCG was depressed relative to CGG and the latter codon, along with CGA and CGC, are concluded for arginine (Tables 1 and 2) .
GGA stimulated the binding of gly-sRNA to ribosomes but it also stimulated the binding of glu-sRNA, the effect in the latter case being comparable to that given by GAG, a codon for glutamic acid." '3,5 The assignments not underlined are on the basis of binding experiments only. The assignments singly underlined are on the basis of copolypeptide and/or homopolypeptide syntheses and gave essentially no binding. The assignments doubly underlined are derived from both polypeptide synthesis and binding experiments. Table 2 , since the binding of gly-sRNA was abolished at higher temperature and the stimulation of phe-sRNA was most probably an artifact as judged by the incorporation data using randomly linked polynucleotides. 19' 20 Lack of stimulation of the binding of aminoacyl-sRNA's by certain trinucleotides: At least five cases were encountered in which the trinucleotides, which are believed to be authentic codons from other lines of work, failed to give any detectable stimulation of the binding of the appropriate aminoacyl-sRNA's under a variety of conditions that were tested. In addition, there were cases where the stimulation of binding observed was not sufficiently strong to justify codon assignment on the basis of this technique. Thus, in agreement with the results of Bernfield and Nirenberg, 10 CUC and CUU failed to give any stimulation of the binding of leu-sRNA. The assignment of CUC codon for leucine is, nevertheless, assured from the synthesis of seryl-leucine copolypeptide under the direction of poly UC containing U and C in alternating sequences,4 and there is now a strong case for the assignment of CUU codon also for leucine from the work on acridine mutants of phage T4 lysozyme. 22' 23 The same work22 also strongly suggests the assignment of UUA as another codon for leucine but this trinucleotide also failed to give convincing stimulation of the binding of leu-sRNA, a weak stimulation being observed when leu-sRNA from peak IV was tested (Table 1) .
The assignment of AGA as a codon for arginine was concluded from the results of homo-and copolypeptide syntheses," 3 5 and the assignment is in agreement with the data on the amino acid replacements obtained by Yanofsky and co-workers. 21 No stimulation of the binding of arg-sRNA to ribosomes was given by AGA. AGU can now be concluded to be a codon for serine22 and AGC would also appear to be a codon for the same amino acid. General Comments.--Of the assignments shown in Table 2 , maximum confidence is placed on those which are supported both by polypeptide synthesis and by the binding experiments (these assignments are doubly underlined). The assignments singly underlined in Table 2 Extensive degeneracy in the amino acid code may now be regarded as firmly established and there appear to emerge a few general patterns. In one type of degeneracy, the third letter may be either of the two purines. Thus, GAA and GAG both code for glutamic acid and AAG and AAA both code for lysine. Similarly, the third letter may be either of the two pyrimidines. Thus, UUU and UUC both code for phenylalanine and there are many examples of this type of degeneracy in Table  2 . In the third type of degeneracy, the third letter may be any one of the four bases. Several examples of this type are seen in Table 2 . However, further work is necessary to evaluate the extent of this type of degeneracy. Finally, there are cases of degeneracy where the first letter may be exchanged. Thus, AGA and CGA both code for arginine and CUG and UUG both code for leucine.
Summary.-All of the possible trinucleotides have been tested extensively for their ability to stimulate the binding of labeled aminoacyl-sRNA's to ribosomes. While a large number of trinucleotides stimulated the binding of only one aminoacyl-sRNA to ribosomes significantly, many cases of ambiguous as well as weak
